NMDA receptor (NMDAR) mediated spontaneous miniature excitatory postsynaptic currents (mEPSCs) are potentiated by exogenously applied glycine (Berger et al. 1998). In this study we have investigated the affect of blocking glycine uptake on NMDAR-mediated responses from hypoglossal motorneurons (HMs) of rats. We have used N[3-(4'-fluorophenyl)-3-(4'-phenylphenoxy)-propyl]sarcosine (NFPS; 500nM) an antagonist of glycine transporter-1 (GLYT1) to study the effect of blocking endogenous glycine uptake on NMDAR-mediated synaptic transmission.
INTRODUCTION

An essential requirement for activation of N-methyl-D-aspartate receptors (NMDAR)
is the binding of glutamate and the co-agonist glycine (McBain and Mayer 1994) . It remains controversial whether or not the glycine binding site of the NMDAR is saturated. The implication is that a non-saturated glycine binding site may be a means by which glutamatergic NMDAR-mediated synaptic transmission is regulated.
Previous research in hypoglossal motorneurons (HMs) has shown that NMDARmediated spontaneous miniature excitatory postsynaptic currents (mEPSCs) and NMDA-induced responses are potentiated by the addition of glycine (Berger et al. 1998; Berger and Isaacson 1999) . It has been suggested that extracellular glycine concentration is highly regulated by glycine transporters (GLYT) which may be localized in close proximity to NMDARs (Attwell et al. 1993) . Two glycine transporters have been cloned, GLYT1 and GLYT2 (Smith et al. 1992; Liu et al. 1992; Liu et al. 1993; Guastella et al. 1992; Borowsky et al. 1993) . GLYT1 is expressed primarily in glial cells surrounding both glycinergic and non-glycinergic neurons while GLYT2 expression is predominantly neuronal, and most likely at glycinergic presynaptic terminals (Zafra et al. 1995b ). The expression of GLYT2 is restricted to the spinal cord, brainstem and cerebellum (Poyatos et al. 1997) , where glycinergic synaptic transmission is prevalent. In contrast, immunohistochemistry has shown GLYT1 is distributed throughout the brain and specifically in regions shown to express NMDARs including spinal cord, brainstem, cerebellum, hippocampus and cortex (Zafra et al. 1995b ).
GLYT1 is a protein with 12 transmembrane spanning segments which co-transports Na + and Cl -with glycine (Aragon and Gimenez 1986; Olivares et al. 1997; Roux and Supplisson 2000) . This stoichiometry allows both import and export of glycine (Roux and Supplisson 2000) , depending on the extracellular glycine concentration. The ability of GLYT1 to transport glycine in both directions and its co-expression with NMDARs suggests it may have a significant role in the modulation of glycine concentrations at NMDAR synapses. In Xenopus oocytes co-expressing NMDAR and and cortical, cerebellar and hippocampal synaptosomes (Herdon et al. 2001; Harsing, Jr. et al. 2003) . In vitro and in vivo studies have shown that preventing glycine uptake by GLYT1 with NFPS augments NMDAR mediated transmission in hippocampus and prefrontal cortex (Bergeron et al. 1998; Kinney et al. 2003; Chen et al. 2003) .
Results of these studies show varying degrees of potentiation (between 15% and 35%) following application of NFPS in the absence of exogenously applied glycine (Bergeron et al. 1998; Chen et al. 2003) . We have investigated the effect of NFPS on NMDAR-mediated synaptic transmission in the hypoglossal motor nucleus, a brainstem region which we expect would express both GLYT1 and GLYT2 since throughout the hypoglossal nucleus in both neonate and juvenile rats.
METHODS
Electrophysiology
Sprague Dawley rats were divided into two age groups, neonate (P2-4) and juvenile (P8-11 days old) were anesthetized with halothane and decapitated. The brainstem was dissected and slices (200 -300 µM thick) containing the hypoglossal motor nucleus were cut using a DSK microslicer. The slices were transferred to an incubation chamber for one hour at 37°C. Following incubation, slices were kept at room temperature until recording. During dissection, slicing and incubation brainstem slices were perfused with Ringer's solution containing (in mM): NaCl 120, KCl 2.5, 
Immunohistochemistry
Neonate and juveniles rats were anaesthetized using pentobarbital. Juvenile rats were initially transcardially perfused with 0.9% NaCl until the perfusate ran clear to wash blood from the tissue, this was followed by 4% paraformaldehyde for approximately 2 minutes. Brains were then removed and postfixed in 4% paraformaldehyde for 3
hours. The brains of neonate rats were not perfused but removed and fixed for 24 -48
hours. Juvenile and neonate brains were washed in PBS following fixation and stored GLYT2 guinea pig anti-GLYT2, both antibodies from Chemicon, Temecula, CA).
Sections were then washed in PBS and incubated in secondary antibody (anti-goat and anti-guinea pig Alexa Fluor 488 for GLYT1 and GLYT2 respectively, 1:200) for 1 hour, then mounted with Vectashield (Vector Laboratories, Burlingame, CA) and coverslipped. Controls were performed where blocking solution was substituted for primary antibody and protocol was followed as described above. Images were acquired using a Bio-Rad MRC-600 (Bio-Rad, Hercules, CA) confocal microscope.
GLYT images were acquired using 488 excitation wavelength. Images were Kalman filtered using Comos software (v. 7, BioRad). Images were imported into Photoshop 5.5 (Adobe, San Jose, CA) for cropping and sizing. Final figures were created using Powerpoint 97 (Microsoft, Seattle, WA).
RESULTS
Electrophysiology
Data were recorded from a total of 66 cells. We have recorded responses to NFPS from both AMPARs and NMDARs postsynaptic currents (PSCs).
To investigate the role of GLYT1 in modulating NMDARs we first recorded mEPSCs from HMs in the presence of TTX, bicuculline and strychnine. Figure 1A1 shows an example of mEPSCs from a HM (postnatal day 3, P3) before (control) and after (NFPS) the addition of 500nM NFPS. Similarly mEPSCs from a P10 HM show NFPS application results in an increase in NMDA charge transfer ( Figure 1A2 ). Data from 6 cells (P 2-4) shows a significant 41 ± 17% increase in charge transfer in the presence of NFPS (500 nM; p<0.05, Figure 1A3 ). This increase in charge transfer is comparable to the increase seen following addition of 100 µM glycine described by Berger et al. (1998) . In P8-10 day old rats there is a 26 ± 14% increase in charge transfer following NFPS, although this result is not statistically significant (n = 7 cells, p>0.05).
We next recorded sEPSCs ( Figure 1B1 and 1B2). In both age groups, there was a significant increase in charge transfer to 156 ± 24% and 158 ±14% of control in 2-4 and 8-10 day old rats, respectively ( Figure 1B3 , n = 6 for each age group, p<0.05).
Although sEPSCs showed a greater increase in charge transfer than observed for mEPSCs this increase in charge transfer for sEPSCs versus mEPSCs was not significant. Nevertheless the larger increase in the NMDAR-mediated charge transfer in sEPSCs following NFPS application may be due to a greater accumulation of glycine when TTX is not present because of the greater spontaneous release of glycine from glycinergic presynaptic terminals. In support of this hypothesis in 5
HMs we recorded glycinergic mIPSCs and sIPSCs in the presence of bicuculline (10 µM), D-APV (50 µM) and DNQX (20 µM). We observed that the frequency of glycinergic IPSCs is much lower when tetrodotoxin is present in the bath solution (mIPSCs, Figure 2A , lower trace), compared to the frequency of sIPSCs observed when tetrodotoxin is absent ( Figure 2A , upper trace). We observed that the frequency of glycinergic events significantly decreased from 2.4 ± 0.3 Hz to 0.8 ± 0.1 Hz (p<0.01) following application of tetrodotoxin ( Figure 2D ). In contrast the glycinergic IPSC mean peak amplitude was not significantly changed due to tetrodotoxin application 49 ± 12 pA versus 41 ± 11 pA (p>0.05), respectively ( Figure   2B and C). We believe that this higher frequency of glycine events in the absence of tetrodotoxin results in a greater glycine accumulation when glycine uptake is blocked with NFPS, and contributes to a greater potentiation by NFPS of NMDAR component in sEPSCs than mEPSCs.
Next we have investigated the effect of NFPS on eEPSCs. To electrically evoke synaptic inputs to HMs we placed a bipolar stimulating electrode lateral to the hypoglossal nucleus. Stimulation at this site produces both excitatory and inhibitory inputs to the hypoglossal nucleus (Rekling et al. 2000; Bellingham and Berger 1996) .
We expect a large increase in NMDA charge transfer following application of NFPS since we are stimulating both excitatory and inhibitory inputs. This speculation arises due to the increased availability of glycine following stimulation of an inhibitory input. The timecourse of glycinergic currents is determined by diffusion and not uptake in the hypoglossal nucleus (Singer and Berger 1999) which suggests glycine may escape the cleft and spillover to activate nearby NMDARs. Figure 3A and B shows the increase in the eEPSC charge transfer following treatment with NFPS in
HMs from 3 day and 8 day old rats respectively. Our results show a significant increase in charge transfer to 141 ± 13% (2-4 days) and 134 ± 8% (8-10 days) of control after treatment with NFPS ( Figure 3C , p<0.01). It may be expected that GLYT2 would also have a significant role in regulating extracellular glycine concentration in this protocol due to activation of inhibitory glycinergic inputs, however we have not investigated this possibility.
To confirm NFPS did not have an effect on AMPARs we recorded AMPAR-mediated
PSCs in the presence of TTX, bicuculline, strychnine and D-APV followed by the addition of NFPS. We first recorded AMPAR-mediated mEPSCs and found there was no significant difference in mEPSC amplitude before and after NFPS (27 ± 1.7 pA control versus 33 ± 2.8 pA NFPS, p>0.05, n=6, data not shown). The absence of a presynaptic effect of NFPS is also indicated since there was no significant difference in AMPAR-mediated mEPSC frequency before and after NFPS (3.7 ± 1.0 Hz control versus 4.1 ± 0.7 Hz NFPS, p>0.05, n=6, data not shown). We also recorded AMPAR We also examined the effect of NFPS on whole cell currents generated by puffing NMDA (50 µM) onto the HM cell soma. We found that in the presence of NFPS, puffing NMDA onto HMs did not result in an enhancement of the NMDA charge transfer ( Figure 4A ). This result was surprising since our mEPSC data from neonates showed sufficient extracellular glycine to potentiate mEPSCs. In an attempt to potentiate the NMDA-mediated response we next included glycine (100 µM) in the puffer solution. Similarly, we did not observe an increase in charge transfer following application of NFPS ( Figure 4B ). Finally, we recorded the response in the presence of bath applied glycine (1 mM) followed by NFPS and found a significant increase in charge transfer ( Figure 4C ). In the presence of exogenously applied glycine, NFPS application increased the NMDA charge transfer by 72 ± 37% ( Figure 4D , p<0.05, n=7). Figure 5 illustrates the labeling of GLYT1 and GLYT2 in neonate and juvenile rats.
Immunohistochemistry
Transverse sections of brainstem, containing the hypoglossal nucleus show GLYT1 and GLYT2 labeling in both age groups (A, C, E and G). Figure 5B and D illustrate GLYT1 immunohistochemistry at higher magnification and show diffuse labeling surrounding HMs in both neonate and juvenile. The diffuse and uniform distribution of GLYT1 throughout the hypoglossal nucleus is consistent with glial localization. GLYT2 labeling shows intense labeling throughout the nucleus ( Figure 5F and H). This labeling is consistent with its localization at glycinergic synaptic boutons (Zafra et al. 1995a; Geiman et al. 2002) .
Both GLYT1 and GLYT2 labeling become more intense with postnatal age.
DISCUSSION
Our results clearly show that the glycine binding site of NMDARs in HMs is not saturated in the brainstem slice. We have used the GLYT1 antagonist NFPS, to show that elevating extracellular glycine levels by blocking glycine uptake results in a potentiation of NMDAR-mediated synaptic transmission. We have investigated four modes of NMDAR-mediated synaptic transmission. Our results indicate that even with reduced levels of synaptic glycine release (in the presence of tetrodotoxin), blocking glycine uptake resulted in a significant increase in NMDAR charge transfer.
These results indicate that GLYT1 is an important modulator of NMDAR mediated synaptic transmission and is necessary to maintain glycine at subsaturating concentrations.
A recent study by Chen et al. (2003) , reports a maximum 15% increase in NMDAR response following NFPS application in the absence of extracellular glycine in prefrontal cortex. In contrast, we found that NFPS at a concentration of 500 nM resulted in an approximate 40% increase in the NMDAR response. This difference may be due to high intrinsic availability of glycine in the hypoglossal motor nucleus which has a large glycinergic innervation within the brainstem (Rampon et al. 1996) .
Consistent with this finding is the high rate of glycinergic spontaneous activity in the hypoglossal motor nucleus (sEPSCs: 2.4 Hz). Our results show a similar increase in the NMDAR response following NFPS application to those reported in the hippocampus, a region where GABA rather than glycine is used as an inhibitory neurotransmitter (Bergeron et al. 1998 ). There are five isoforms of GLYT1, 1a, 1b, 1c, 1d and 1e (Kim et al. 1994; Borowsky et al. 1993; Borowsky and Hoffman 1998; Vandenberg 2001) . It may be possible that these isoforms have different regional expression and/or different affinities for glycine which may account for differences in the degree of potentiation between different brain regions. Furthermore, the density of GLYT1 at each site may have an impact on the magnitude of potentiation.
Differences in the degree of potentiation between different brain regions has implications for the use of transporter antagonists as therapies for numerous disease states.
Recent research has shown that GLYT1 is essential for survival (Gomeza et al. 2003) .
GLYT1 knockout mice die within 14 hours of birth and display significant motor and respiratory problems. In GLYT1 knockout mice it appears that elevated glycine levels result in the tonic activation of glycine receptors. This tonic activation of glycine receptors decreases input resistance and may contribute to inhibition of rhythmic network activity through shunting inhibition (Gomeza et al. 2003) . This research suggests that during early development the regulation of glycine concentration by GLYT1 has a significant impact on glycinergic synaptic transmission. Evidence shows that the role of GLYT1 in modulating glycine levels is complex and influences both NMDAR-and glycine receptor-mediated synaptic transmission (Gomeza et al. 2003; Chen et al. 2003; Bergeron et al. 1998 ).
The mEPSC, sEPSC and eEPSC data suggest synaptic NMDARs of HMs are closely localized to the sites of glycine release. Thus, glycine may spillover from such sites to activate neighboring NMDARs. Classically, neurotransmitter spillover was thought to indicate a lack of specificity that would compromise a synapse's ability to be modulated (Barbour and Hausser 1997) . However, recent research currently suggests spillover is necessary to prolong synaptic currents (Carter and Regehr When a high glycine concentration (1 mM) is present in the bath solution, NFPS significantly potentiates the NMDA response. In this condition there is steady state level of glycine present, which GLYT1 may be capable of locally regulating.
Elevating this steady state level of glycine by preventing uptake by GLYT1 using NFPS results in potentiation of both synaptic and extrasynaptic NMDARs.
Both GLYT1 and 2 labeling were more diffuse in neonates than in juveniles. GLYT1
and GLYT2 mRNA and protein levels increase during the first two postnatal weeks (Zafra et al. 1995b ). These findings are consistent with our results which show increased intensity of labeling of both GLYT1 and GLYT2 with development. Our immunolabeling revealed a similar staining pattern for both GLYT1 and GLYT2.
Both transporters show labeling throughout the hypoglossal nucleus but not in the adjacent dorsal motor nucleus of the vagus. The extensive labeling of both transporters throughout the hypoglossal motor nucleus suggest that this region exhibits strong glycine regulation and that these transporters regulate glycine concentration together (Jursky and Nelson 1996; Herdon et al. 2001 ). GLYT1 and 2 are proposed to regulate glycine uptake at NMDAR synapses and glycine receptors respectively. The similarity in labeling of GLYT1 and 2 in the hypoglossal motor nucleus, a region which expresses both NMDAR and glycine receptors, suggests that excitatory and inhibitory inputs are closely situated. The proximity of these inputs is a further indication that glycine can "spillover" to potentiate neighboring NMDARs.
The glycine affinity of the NMDAR is determined by the NR2 subunit while the glycine binding site is located on the NR1 subunit (Danysz and Parsons 1998). The presence of the NR2A subunit confers a receptor with a low affinity for glycine (EC 50 2.1 µM; (Mishina et al. 1993) ). It has previously been suggested by Berger et al. respectively which illustrates the increase in NMDA charge transfer following NFPS application. (B3) Grouped data for sEPSCs for neonates and juveniles show significant increases in NMDAR charge transfer for both age groups. In neonates the average increase in NMDA charge transfer was 56 ± 24 % in a total of 5 cells and 58 ± 14% of control in juveniles (n = 6). illustrates the data for each age group which demonstrates significant increases in charge transfer for both neonates (41 ± 13% increase from control, n = 6) and juveniles (34 ± 8% increase from control, n = 5). showed a non-significant change in NMDA charge transfer to 82 ± 5% of control in the presence of NFPS (n = 6). Similarly, when NMDA and 100 µM glycine were included in the electrode there was no significant difference in NMDA charge transfer following NFPS application (94 ± 4% of control; n = 5, middle bar). In the presence of exogenously applied glycine (1 mM), NMDA induced responses were significantly potentiated by 72 ± 39% of control following NFPS application (n = 7). 
